Straka, Hans, Stefan Holler, Fumiyuki Goto, Florian P. Kolb, and Edwin Gilland. Differential spatial organization of otolith signals in frog vestibular nuclei. J Neurophysiol 90: 3501-3512, 2003 . First published July 9, 2003 10.1152 /jn.00372.2003 . Activation maps of pre-and postsynaptic field potential components evoked by separate electrical stimulation of utricular, lagenar, and saccular nerve branches in the isolated frog hindbrain were recorded within a stereotactic outline of the vestibular nuclei. Utricular and lagenar nerveevoked activation maps overlapped strongly in the lateral and descending vestibular nuclei, whereas lagenar amplitudes were greater in the superior vestibular nucleus. In contrast, the saccular nerveevoked activation map coincided largely with the dorsal nucleus and the adjacent dorsal part of the lateral vestibular nucleus, corroborating a major auditory and lesser vestibular function of the frog saccule. The stereotactic position of individual second-order otolith neurons matched the distribution of the corresponding otolith nerve-evoked activation maps. Furthermore, particular types of second-order utricular and lagenar neurons were clustered with particular types of second-order canal neurons in a topology that anatomically mirrored the preferred convergence pattern of afferent otolith and canal signals in second-order vestibular neurons. Similarities in the spatial organization of functionally equivalent types of second-order otolith and canal neurons between frog and other vertebrates indicated conservation of a common topographical organization principle. However, the absence of a precise afferent sensory topography combined with the presence of spatially segregated groups of particular second-order vestibular neurons suggests that the vestibular circuitry is organized as a premotor map rather than an organotypical sensory map. Moreover, the conserved segmental location of individual vestibular neuronal phenotypes shows linkage of individual components of vestibulomotor pathways with the underlying genetically specified rhombomeric framework.
I N T R O D U C T I O N
Afferent terminations from individual otolith organs in frog overlap in many vestibular subnuclei with those of semicircular canal afferent fibers (Birinyi et al. 2001 ). This overlap of canal and otolith afferent terminations is paralleled by a highly specific convergence of afferent signals from particular canal and otolith organs in ϳ50% of the second-order vestibular neurons (2°VN) as evidenced from intracellular recordings after electrical stimulation of individual canal and otolith nerve branches (Straka et al. 2002b) . Similar proportions of convergent otolithϩcanal neurons have been recorded in mammalian vestibular nuclei (Dickman and Angelaki 2002) . Detailed comparisons, however, between anuran and mammalian vestibular pathways are complicated by the presence in frogs and most nonmammalians of three otolith organs ( de Burlet 1929) that are sensitive to vestibular and/or auditory stimuli (Lewis and Narins 1999) . In frogs, both utricle and lagena function primarily as graviceptors, whereas the saccule is primarily an auditory organ sensing low-frequency substrate vibrations (Blanks and Precht 1976; Caston et al. 1977; Harada et al. 2001; Lewis and Narins 1999) . In mammals other than monotremes, the lagena is absent, and the saccule primarily serves equilibrium functions. In frog and mammals, the saccule, however, also has a lesser role in transducing, vestibular (Gallé and Clemens 1973; Lannou and Cazin 1976) and auditory (McCue and Guinan 1994) signals, respectively.
The variation in otolith functions between different taxa contrasts with the essentially complete conservation of semicircular canal function in all jawed vertebrates. Similarities between mammalian and frog semicircular canal pathways extend from general patterns of afferent fiber projections down to precise locations within vestibular nuclei of canal-specific premotor projection neurons (Baker 1998; Birinyi et al. 2001; Büttner-Ennever 1992; Straka et al. 2000a ). In frog, afferent nerve fibers from individual semicircular canals terminate differentially in the four major vestibular subnuclei (Birinyi et al. 2001) in patterns that quantitatively match the spatial distribution of semicircular canal nerve-evoked monosynaptic responses as well as the locations of identified 2°canal neurons (Straka et al. 2000a) . Intracellular recordings demonstrated that monosynaptic responses of 2°VN predominately originated from only one ipsilateral semicircular canal in frog (Holler and Straka 2001; Straka et al. 1997 Straka et al. , 2002b as in pigeon (Wilson and Felpel 1972) and cat (Kasahara and Uchino 1974; Sans et al. 1972; Sato et al. 2002) . The restricted convergence of afferent signals from the three semicircular canals at the first central synapse is paralleled by a partial segregation of clusters of 2°h orizontal canal (HC), 2°anterior vertical canal (AC), and 2°p osterior vertical canal (PC) neurons (Straka et al. 2000a) . Because the locations of 2°HC, 2°AC and 2°PC neurons were not restricted to particular vestibular subnuclei (Straka et al. 2000a) , the possibility exists that the different clusters of 2°VN were organized with respect to their developmental origins. In fact, all classical vestibular subnuclei have been shown to originate from similar rhombomeres in frog ) and chicken (Cambronero and Puelles 2000) . Furthermore, vestibular neurons projecting to different targets occupy unique and rather conserved positions along the underlying rhombomeric scaffold . Thus it is possible that 2°canal and 2°otolith neurons of all types are segmentally organized (Baker 1998; Straka et al. 2001; Suwa et al. 1999) . Although rhombomeres generally are evident only during embryonic stages, all cranial nerve efferent neurons in ranid frogs reside in their original embryonic rhombomeric locations not only in larvae (Straka et al. 1998 ) but also in adults (Straka et al. 2000b ). This unique positional stability was exploited to create a stereotactic map in adult frogs that mirrors the embryonic and larval rhombomeric framework and that can be used to assign the location of particular subgroups of 2°VN within the underlying hindbrain segmental units (Straka et al. 2000b ).
The differences in function of specific otolith organs in frogs and mammals may provide a test case for examining the determinants of central vestibular organization. Although utricular function seems roughly comparable between these groups, lagenar and saccular functions diverge significantly in ways that should be reflected in both afferent projections and central organization. The detailed convergence pattern of afferent signals originating from individual labyrinthine nerve branches in frog was described elsewhere (Straka et al. 2002b ). The present study focuses on the spatial distribution of field potentials evoked from individual otolith nerve branches and the locations of identified second-order otolith neurons within the vestibular and auditory nuclei. Correlation of these data allows further inferences about the segmental organization of functional pathways and the dendritic geometry of vestibular neuropile zones.
Pre-and postsynaptic field potentials evoked from separate electrical stimulation of the utricular, lagenar, and saccular nerve branches were mapped in the isolated frog brain. Systematic recording of monosynaptic afferent excitatory postsynaptic potentials (EPSPs) in 2°VN from the utricular, lagenar, or saccular nerves, as well as from individual canal nerves, was used to determine the positions of particular types of 2°otolith and 2°canal neurons. Superimposing the activation maps and the positions of the identified 2°VN on a stereotactic anatomical map of the vestibular nuclei (Straka et al. 2000a) as well as on a reconstructed map of adult frog rhombomere boundaries (Straka et al. 2000b ) allowed specification of otolith pathways both in terms of their anatomical organization within the vestibular subnuclei and in terms of their possible ontogenetic segmental origins. The results show that the locations of specific classes of 2°VN are highly conserved between frogs and other vertebrates. Two closely related explanations for this are discussed, the role of segmentation in spatial specification of neuronal phenotypes and the organization of central vestibular pathways as premotor maps for postural and gaze control.
M E T H O D S
In vitro experiments were performed on the isolated brains of 29 grass frogs (Rana temporaria) in compliance with the "Principles of animal care," publication No. 86-23, revised 1985 of the National Institutes of Health. Permission for these experiments was granted by Regierung von Oberbayern (211-2531-31/95). Grass frogs were deeply anesthetized (0.1% 3-aminobenzoic acid ethyl ester; MS-222) and perfused transcardially with iced Ringer solution [containing (in mM) 75 NaCl, 25 NaHCO 3 , 2 CaCl 2 , 2 KCl, 0.5 MgCl 2 , and 11 glucose; pH 7.4) (Straka and Dieringer 1993) . The skull and the bony labyrinth were opened by a ventral approach, the three semicircular canals on either side were sectioned, and the brain with all labyrinthine endorgans attached to the VIIIth nerve was removed. The isolated brain, with the forebrain disconnected, was submerged in iced Ringer solution, and the dura, the labyrinthine endorgans, and the choroid plexus covering the IVth ventricle were removed. Brains were stored overnight at 6°C in oxygenated Ringer solution with a pH of 7.5 Ϯ 0.1 and were used Յ4 days after their isolation. For the experiments, the brain stem was fixed to the sylgard floor of a chamber (volume: 2.4 ml) that was continuously perfused with oxygenated Ringer solution at a rate of 1.3-2.1 ml/min. The temperature of the bath was electronically controlled and maintained at 14 Ϯ 0.1°C.
For electrical stimulation of individual otolith or semicircular canal nerve branches, single constant current pulses (0.2 ms; 8 -12 A) across suction electrodes (120 -150 m ID) were used. The use of suction electrodes facilitated the isolation of individual nerve branches and minimized false negative or false positive results (see Straka et al. 1997 Straka et al. , 2002b . Constant current pulses were produced by a stimulus isolation unit (WPI A 360) at a repetition rate of 0.5 Hz. For extracellular recordings, glass microelectrodes were fabricated with a horizontal puller (P-87 Brown/Flaming), beveled (30°, 20-m tip diameter) and filled with 2 M sodium chloride (ϳ1 M⍀). Electrodes for intracellular recordings were filled with a mixture of 2 M potassium acetate and 3 M potassium chloride (10:1) which gave final resistances of ϳ90 -120 M⍀. Vertical displacements of the recording electrodes were controlled by a nanostepper. Horizontal displacements were performed with a two-axis micromanipulator.
At the beginning of every experiment, field potentials evoked by separate stimulation of labyrinthine nerve branches were recorded at common reference locations to optimize the positions of the stimulus electrodes and to determine the stimulus thresholds for each nerve branch. The recording site for utricular and lagenar stimulation was 0.4 mm caudal to the VIIIth nerve at a depth of 0.4 mm below the top of the brain stem, while the saccular nerve reference site was at the same depth but at the caudal end of the VIIIth nerve. The stimulus threshold for the postsynaptic N 1 field potential component ) was similar for each of the three otolith nerves and ranged between 1.5 and 2.6 A. Stimulus intensities were indicated as multiples of these threshold values (ϫT). N 1 field potential components evoked at 4ϫT were used for the construction of the activation maps.
The spatial distribution of the evoked field potential components was systematically mapped with recording tracks from the surface of the brain stem to a depth of 0.8 mm in a parasagittal plane and three frontal planes (Fig. 1) . Distances in the rostrocaudal direction were in reference to the caudal end of the entry of the VIIIth nerve, while dorsoventral and mediolateral distances were in reference to the convex apex of the brain stem at the particular rostrocaudal level (Fig. 1, B and D) . Distances rostral to the caudal end of the VIIIth nerve root and medial to the apex of the brain stem were denoted with a negative sign (see Fig. 1, B and D) . Frontal planes were positioned 0, ϩ0.4, and ϩ0.7 mm caudal to the VIIIth nerve (Fig. 1C , ---) and comprised five depth tracks separated by 0.15 mm in laterality (Fig. 1B, 2) . In the parasagittal plane, seven depth tracks explored the dorsal brain stem at a laterality of 0 mm (Fig. 1A, ---) . In this parasagittal plane, the recording sites were located Ϫ0.7 and Ϫ0.4 rostral and 0, 0.4, 0.7, 1.0, and 1.5 mm caudal to the entry of the VIIIth nerve (Fig. 1D, 2 ). Records were taken every 0.1 mm in depth. Second-order VN were recorded in depth tracks separated by 0.05 mm throughout most of the vestibular nuclei, i.e., between Ϫ0.4 mm rostral and 1 mm caudal to the zero reference point. The recording area included the superior, lateral, and descending vestibular nuclei and excluded the most medial parts of the medial vestibular nuclei.
The electrophysiological results were mapped onto a normalized geometry of the vestibular nuclei using the same reference coordinate system as in earlier studies (Birinyi et al. 2001; Straka et al. 2000a ). This reference frame was obtained by reconstruction of the borders of the different vestibular subnuclei Matesz 1979) in different frontal planes and a parasagittal plane based on serially sectioned specimens corrected for distortion and shrinkage (Straka et al. 2000a ). The brain stem of each frog in the present study was stereotactically measured. The mean distance between the caudal end of the cerebellum and the obex was 3.62 Ϯ 0.08 mm (mean Ϯ SD; n ϭ 29). The distance between the left and right top of the brain stem at the level of the VIIIth nerve was 2.57 Ϯ 0.05 mm (n ϭ 29), and the distance between the top of the brain stem and the midline (floor of the IVth ventricle at the level of the VIIIth nerve) was 0.74 Ϯ 0.03 mm (n ϭ 29). These values were very similar to those obtained in an earlier study (Straka et al. 2000a ) and were used to define a standard brain size to which the brains of different individuals were normalized. The normalized locations of the vestibular nuclei in the frontal planes (e.g., Fig. 1, A and B) and in the parasagittal plane (Fig. 1, B and C) were used to specify the search areas for this mapping study. In addition to being mapped within the boundaries of the vestibular nuclei, the locations of particular types of 2°canal and 2°otolith neurons were also correlated to a stereotactic map of adult rhombomere borders (Straka et al. 2000b ). The adult frog rhombomeric map was generated from measurements on a large series of horizontally sectioned brains that showed retrogradely labeled neurons in all cranial nerve efferent nuclei at essentially the same positions as in larval and embryonic frogs (Straka et al. 2000b) .
Averages from 20 single sweeps of the evoked field potentials at a given recording site were digitized at 20 kHz (CED 1401, Cambridge Electronic Design), stored on computer and analyzed off-line (Signal, Cambridge Electronic Design). From the averaged field potentials evoked from individual otolith nerves, separate depth profiles of N 0 and N 1 components were constructed for each recording track. Maximal response amplitudes of N 0 and N 1 field potentials evoked by stimulation of a particular otolith nerve was determined for the three frontal planes and for the parasagittal plane, respectively. These maximal N 0 and N 1 field potential amplitudes served to normalize all other responses evoked from the same nerve branch for all planes in a particular experiment. Isopotential surface plots were calculated through linear interpolation between maximal response amplitudes after averaging the results from all corresponding experiments (Straka et al. 2000a) . Four groups of relative response amplitudes (Յ25%, 50, 75, or 100%) were represented by different gray tones (Origin, Microcal Software). Synaptic responses in intracellularly recorded 2°VN after electrical stimulation of individual labyrinthine nerve branches were analyzed from averages of 20 -30 single sweeps. Graphical presentations were made using Corel Draw (Corel).
R E S U L T S

Field potentials after stimulation of individual otolith nerve branches
Field potentials recorded in the vestibular nuclei after separate electrical stimulation of otolith nerve branches consisted of early (N 0 ) and late (N 1 ) response components (Fig. 2) . The mean latencies of lagenar (LA) nerve-evoked N 0 and N 1 response components (N 0 : 1.2 Ϯ 0.2 ms; N 1 : 3.0 Ϯ 0.3 ms; n ϭ 18) were significantly shorter (P Յ 0.05) than those of saccular (SA; N 0 : 1.5 Ϯ 0.3 ms; N 1 : 3.2 Ϯ 0.4 ms; n ϭ 15) or utricular (UT) nerve-evoked responses (N 0 : 1.7 Ϯ 0.2 ms; N 1 : 3.5 Ϯ 0.4 ms; n ϭ 16). These differences corresponded to the distances between the recording sites in the brain stem and the stimulation electrodes on the three nerves. N 0 and N 1 response components were separated by ϳ1.8 ms, which represents the delay of one synapse at a bath temperature of 14°C as in earlier studies (Straka and Dieringer 1993; Straka et al. 1997 Straka et al. , 2002b . Thus the N 1 field potential component represents the monosynaptic excitation of 2°VN as described by Precht et al. (1974) . N 0 and N 1 field potential components showed similar spatial amplitude distributions along the rostrocaudal extent of the recording area, whereas in frontal planes the N 0 field potential components were shifted laterally by ϳ50 -100 m with respect to the N 1 field potential components (not shown). This lateral shift of the N 0 field potential components is similar to that observed for canal nerve-evoked N 0 field potentials (Straka et al. 2000a ) and reflects the entry of afferent fibers from the lateral direction. Because other differences were not evident, only the distribution of N 1 field potential components will be used to describe the topography of otolith nerve-evoked responses in the brain stem.
Topography of otolith nerve-evoked field potentials
The spatial distributions of the N 1 field potential components evoked after stimulation of the UT, LA, and SA nerve branches Matesz (1979) and Kuruvilla et al. (1985) . Inset: schematic outline of the transverse section at 0.4 mm caudal to the VIIIth nerve. ---in A, the laterality of the parasagittal plane shown in C; ---in C, the rostrocaudal positions of the three frontal planes. B and D: electrode tracks (from surface to 0.8 mm in depth) through the vestibular nuclei. 2, the laterality ( are shown in a parasagittal plane (Fig. 3 , A-C) and a series of frontal planes (Fig. 4) with reference to the outlines of the vestibular and auditory subnuclei. A substantial otolith nerveevoked N 1 field potential component was encountered in all vestibular subnuclei except for the medial vestibular nucleus (MVN) where amplitudes rarely reached 25% of the maximal amplitudes (Fig. 4, A-C) .
After selective stimulation of the UT nerve (n ϭ 5) the largest relative amplitudes (75-100%, black area in Figs. 3A and 4A, 1-3) of the N 1 field potential component were recorded in a broad region Յ0.3 mm wide located ventrally in the vestibular nuclei. This region coincided with the lateral vestibular nucleus (LVN) and more caudally with the descending vestibular nucleus (DVN). In the LVN, the hotspot shifted from a more ventral position rostrally (Fig. 4A1 ) to a more central and dorsal position caudally (Fig. 4A, 2 and 3) .
Selective stimulation of the LA nerve (n ϭ 5) produced maximal amplitudes of the N 1 field potential component in a region about 0.2 mm wide, between the entry of the VIIIth nerve and 0.4 mm more caudal, corresponding to the dorsal portion of the central LVN and the rostral tip of the DVN (Figs.  3B and 4B, 1-3 ). An area with 50 -75% of the maximal amplitude (dark gray area in Fig. 3B ) extended rostrally and dorsally from the nerve entry and coincided with the dorsal parts of the rostral LVN and adjacent superior vestibular nuclei (SVN; Figs. 3B and 4B1). Overall, the LA nerve-evoked N 1 field potential component was located slightly more dorsal than that of the UT nerve but overlapped with the latter in the central part of the LVN (Figs. 3, A and B, and 4, A1-A3 and B1-B3) .
The maximal amplitudes of the N 1 field potential component after selective stimulation of the SA nerve (n ϭ 5) formed a narrow band ϳ0.1-0.2 mm wide oriented from rostral and ventral to caudal and dorsal in parts of both the vestibular nuclei and auditory nuclei (Figs. 3C and 4C, (1) (2) (3) Although the otolith nerve-evoked field potentials shown here do not represent tightly closed fields, regions with high amplitudes closely matched the topographical distribution of monosynaptically activated 2°otolith neurons. This is shown by superposition on a parasagittal plane of the stereotactically determined location of second-order UT (2°UT), LA (2°LA), and SA (2°SA) neurons (see following text) onto the respective N 1 field potential distributions (Fig. 3, A-C) . The upper and lower ranges of cell locations outline areas that closely match the field potential areas with Ͼ50% of maximal amplitude for LA and SA nerves (Fig. 3 , B and C) and Ͼ75% of maximal amplitude for the central region of UT nerve activation (Fig.  3A) . Such close correspondence suggests that the evoked responses initiated mostly near soma, likely at proximal dendrites. Thus when sampled within a normalized stereotactic framework, the topography of otolith nerve-evoked postsynaptic N 1 field potentials provides good evidence for differential spatial organization of otolith signals in the vestibular nuclei.
Differential spatial organization of second-order vestibular neurons identified by afferent otolith or canal signals
Vestibular neurons (n ϭ 874) were identified by their afferent input after stimulation of combinations of individual otolith and semicircular canal nerves in different sets of experiments. Identified cells were classified according to the origin of the monosynaptic input from a particular labyrinthine endorgan (Fig. 5, A1, B1, and C1) . The remaining vestibular nerve branches evoked either small di-or polysynaptic excitatory responses or no responses (Fig. 5, A2-A4, B2-B4, and C2-C4 ). According to this definition, 2°VN were subdivided into 2°UT (Fig. 5A), 2°LA (Fig. 5B) , or 2°SA neurons (Fig. 5C ), into 2°a nterior vertical canal (AC), 2°posterior vertical canal (PC), and 2°horizontal canal (HC) neurons or into particular 2°otolithϩcanal neurons. The percentages of specific monosynaptic canal and otolith signal convergence in 2°VN are indicated in Table 1 . The predominant convergences were between UT and HC signals and between LA and either AC or PC signals. Very few 2°SAϩcanal neurons were observed. In a few 2°VN a convergence of mono-and disynaptic inputs from two labyrinthine nerve branches were encountered. However, neither the specific convergence patterns nor the spatial locations of these neurons differed markedly from those that exhibited convergent monosynaptic signals. The location of each identified 2°VN was stereotactically mapped in the same coordinate system used for the field potential maps in the parasagittal plane (Fig. 6) (Straka et al. 2000a ). The spatial distribution of particular classes of 2°VN were then correlated with the anatomical outlines of the vestibular subnuclei and with the boundaries of ontogenetically defined hindbrain segments (Fig. 7, A-C) . Second-order VN with monosynaptic afferent input from individual otolith nerve branches were distributed across the entire recording area (Fig. 6, A-C) , and exhibited a crude clustering into three general zones that were dominated by particular afferent inputs (Fig. 6D) . The degree of clustering was more pronounced for 2°otolith neurons than for 2°canal neurons (Fig. 6, A-C) . Specifically, most 2°UT and 2°UTϩcanal neurons were located ventrally and caudally in the recording area, coinciding with the peak of the activation map of the UT nerve-evoked N 1 field potential component (Figs. 3A and 6, A and D) . Moreover, this area also coincided with the area of largest concentration of 2°HC neurons (Fig.  6A ). This cluster of 2°UT and UTϩcanal neurons was located in the central and ventral part of the LVN and in the DVN, whereas only a few neurons with an afferent UT nerve input were encountered in the ventral part of the SVN (Fig. 7, A and  C) . In contrast, the majority of 2°LA and LAϩcanal neurons were distributed in a relatively broad band from rostral and dorsal to caudal and ventral (Fig. 6, B and D) , corresponding largely to the SVN and the dorsal part of the LVN/DVN (Fig.  7, A and C) . This distribution coincided very closely with the region in which the LA nerve-evoked N 1 field potential component exceeded 50% of the maximal amplitude (Fig. 3B) . In the SVN, 2°LA and 2°LAϩcanal neurons were concentrated with 2°AC neurons (Fig. 7B ) and in the LVN/DVN with 2°UT and 2°UTϩcanal neurons (Fig. 7, A and C) . The population of 2°SA and the few 2°SAϩcanal neurons formed a more restricted cluster than the other classes of neurons and extended caudally and dorsally beginning from the caudal end of the VIIIth nerve (Fig. 6, C and D) . Second-order SA neurons were localized with 2°canal, 2°UT, and 2°LA neurons only at the level of the VIIIth nerve (Fig. 6, A-D) , while at more caudal levels 2°SA neurons were located distinctly more dorsal than the other types. This distribution coincided largely with the area of maximal SA nerve-evoked N 1 amplitudes, although 2°SA neurons were located slightly more dorsal relative to the N 1 field potential component (Fig. 3C ). With respect to nuclear borders, FIG. 5. Convergence of otolith and canal nerve-evoked inputs in 3 different 2nd-order vestibular neurons. A, 1-4: 2nd-order UT neuron identified by a monosynaptic excitatory postsynaptic potential (EPSP) from the UT nerve (A1). This neuron received in addition a disynaptic excitation from the horizontal canal (HC) nerve (A4), a very weak long-latency excitatory input from the anterior vertical canal (AC) nerve (A2) and no input from the posterior vertical canal (PC) nerve (A3). B, 1-4: 2nd-order LA neuron identified by a monosynaptic EPSP from the LA nerve (B1). This neuron received in addition an oligosynaptic excitation from the AC (B2) and PC (B3) nerve, respectively, and no input from the HC nerve (B4). C, 1-4: 2nd-order SA neuron identified by a monosynaptic EPSP from the SA nerve (C1). This neuron received no input from any 1 of the 3 semicircular canal nerves (C, 2-4). Stimulus intensity is expressed in multiples of the stimulus threshold intensity (ϫT) of the N 1 field potential component. o, the mean Ϯ SD of the onset latency of the N 1 field potential after stimulation of the respective nerve branch. ---, baselines; , stimulus onset. Each record represents the average of 24 responses. Numbers indicate recorded neurons. Percentages in parentheses. Major categories are in bold type; canal-specific subcategories are in plain type. In 3 different sets (utricular, lagenar, and saccular canals) 1 otolith nerve branch and all 3 canal nerve branches, respectively, were electrically stimulated (modified from Straka et al. 2002b ). AC, PC, and HC, anterior vertical, posterior vertical, and horizontal canal, respectively. 2°SA neurons were located in the dorsal part of the LVN and throughout the adjacent ventral part of the DN (Fig. 7A) .
TABLE 1. Distribution of second-order (2°) vestibular neurons with non-convergent and convergent monosynaptic afferent inputs from individual otolith and semicircular canal nerve branches
Rhombomeric organization of second-order otolith and canal neurons
Although rhombomeres (r) are not visible in adult frogs, a segmental map of adult cranial nerve efferent nuclei can be inferred because of the complete retention of the larval segmental efferent neuronal topography in adults (Straka et al. 2000b (Straka et al. , 2002a . Precise measurements of the borders of adjacent efferent nuclei within a coordinate system based on external landmarks were used to create a quantitative segmental map in adult frogs that mirrors the organization of the larval rhombomeric framework (Straka et al. 2000b ). Plotting of physiologically identified hindbrain neurons onto this map provides an initial estimate of the linkage between the physiological properties of 2°VN in the adult frog hindbrain with the underlying genetically specified segmental framework (Fig. 7,  A-C) . Correlation with the rhombomeric borders indicated that the majority of 2°VN with an afferent UT nerve input were located in r3 and, especially, in r5, the same segments in which 2°HC neurons were particularly abundant (Fig. 7B) . Correspondingly, most 2°UTϩHC neurons that comprised the largest subpopulation of convergent 2°UTϩcanal neurons (see Table 1 ) also were located in r5 (Fig. 7C) . In contrast, 2°VN with an afferent lagenar input were distributed from r3 to r6, with a particularly large number in r3 (Fig. 7A) . This segment also contained most of the 2°AC neurons as well as many 2°PC neurons (Fig. 7B) . This matches the exclusive convergence of afferent AC and PC signals in 2°LAϩcanal neurons (see Table  1 ), the majority of which were likewise located in r3 (Fig. 7C) . Finally, the rhombomeric plots indicated that r4 contained few 2°otolith or 2°canal neurons except for 2°SA neurons, which A B C FIG. 7. Differential location of 2nd-order otolith and 2nd-order canal neurons with respect to vestibular subnuclei and the adult frog rhombomeric framework in a parasagittal plane. A-C: mapping of the spatial position of vestibular neurons with a monosynaptic EPSP from a particular otolith nerve (A), from a particular semicircular canal nerve (B), or from an otolith nerve and a semicircular canal nerve (C) onto anatomical outlines of the vestibular nuclei (black) and onto reconstructed rhombomere boundaries (red). Vestibular subnuclei in C apply also to A and B. Calibration arrows in A indicating dorsal and lateral correspond to 0.2 mm and apply also to B and C. Hindbrain segmental boundaries for adult frogs at the level of the vestibular nuclei were obtained from published data (Straka et al. 2000b ). r2-r7, adult rhombomeric borders. Other abbreviations as in Fig. 1 . spanned from r4 to r6, with a preponderance in r4 (Fig. 7A) . The 2°SA neurons in r5 and r6 occupied a far dorsal position as indicated earlier.
D I S C U S S I O N
Systematic mapping of field potentials evoked by separate stimulation of UT, LA, and SA nerve branches in the in vitro frog brain revealed the topography of pre-and postsynaptic otolith-specific activity in the ipsilateral vestibular and auditory nuclei. Both UT and LA nerve-evoked field potentials extended through large portions of the vestibular nuclei, with greatest overlap in the ventral part of the LVN and in the rostral DVN. In contrast, SA nerve-evoked field potentials occupied the dorsal LVN and adjacent ventral auditory nucleus. The segregation of afferent otolith signals was paralleled by the differential locations of corresponding types of 2°otolith neurons. These were localized with particular types of 2°canal neurons in functional patterns related to vestibular endorgan and motor plant spatial axes. Mapping the 2°VN types onto the adult rhombomeric framework allowed estimation of the segmental positions for the main sites of otolith-canal convergence. The present results complete an initial anatomical and physiological survey of afferent terminations and second-order neurons for each of the main vestibular endorgans in frog. Therefore after a note on specificity of the methods, the results will be discussed in the context of related frog studies and in comparison with other vestibular models. Finally, the topographical stability of second-order vestibular groups in different species will be examined from both functional and developmental views.
Specificity of otolith nerve-evoked response topography in the hindbrain
The N 1 field potential components evoked by electrical stimulation of the vestibular nerve or of individual branches to labyrinthine endorgans reflects the monosynaptic activation of 2°VN Straka et al. 1997) . Di-and polysynaptic connections were evident in intracellular recordings, including, in a few cases, convergence with monosynaptic responses in 2°VN. However, disynaptic field potential components are more variable in amplitude than monosynaptic responses and have not yielded to reliable generation and analysis. Notably, neither the convergence pattern nor the spatial location of neurons with disynaptic responses differed much from neurons that received convergent inputs with monosynaptic latencies. For that reason, the study was restricted to the topography of the N 1 field potential amplitudes and to the topography of 2°VN.
Due to the large and complex dendrites of 2°VN, the vestibular nucleus represents less of a closed field than, for example, the abducens nucleus. However, afferent labyrinthine nerve inputs have been shown to terminate largely on the soma and proximal dendrites of frog 2°VN (Dieringer and Precht 1979; Ozawa et al. 1974) . This is reflected by the close correlation between the otolith nerve-evoked N 1 field potential component maps and the weighted locations of respective 2°o tolith neurons (Fig. 3, A-C) . A similar close spatial correlation was evident in a similar analysis of semicircular canal nerve field responses and 2°VN locations (Straka et al. 2000a ). Minor differences between the N 1 field potential map and the average location of the respective 2°VN, e.g., SA nerve signals in the DN (Fig. 3C) , reflect the likelihood that some afferent nerve fiber inputs may extend farther out along the proximal dendrites than others. Nonetheless, the topography of the N 1 component largely mirrors the location of respective 2°VN. Thus combining the N 1 field potential maps with the topography of stereotactically localized types of 2°otolith neurons gives reliable evidence for a differential organization of postsynaptic canal and otolith signals in the vestibular nuclei.
Organization of afferent otolith signals in the vestibular nuclei of frogs and other vertebrates
Selective nerve branch labelings in frog have shown that both UT and LA afferent fibers terminate differentially throughout most of the ipsilateral vestibular subnuclei (Birinyi et al. 2001) . Both nerves project strongly to the central LVN and rostral DVN. UT nerve afferents also terminate densely in the lateral and ventral parts of the LVN, more caudal portions of the DVN and in the lateral portion of the abducens complex, whereas LA fibers are rare or absent in these regions (Birinyi et al. 2001) . Conversely, the LA terminal distribution was especially dense in the SVN, where UT terminations were less dense (Birinyi et al. 2001) . The MVN contains very few UT or LA terminal endings. The activation maps of both pre-and postsynaptic response components for UT and LA nerve stimulation were highly consistent with these anatomical data, including the absence of field potential components from the MVN. Likewise, the large number of 2°UT neurons recorded in the ventral part of the LVN and DVN, and of 2°LA neurons recorded more dorsal in these subnuclei as well as in the SVN, closely matched the anatomical distribution of UT and LA afferent fibers (Fig. 3, A and B) (Birinyi et al. 2001) .
The predominant termination of LA and UT afferent fibers in vestibular but not in auditory nuclei, as well as the colocalization of 2°LA and 2°UT neurons in particular vestibular areas, is consistent with their main functional role being vestibular signal processing (Baird and Lewis 1986; Lewis and Narins 1999) . This is further corroborated by the pronounced convergence of specific canal and LA or UT signals (Straka et al. 2002b ). The spatial overlap of UT and LA afferent fibers and of pre-and postsynaptic response components is not however mirrored at the single cell level because a given 2°VN may exhibit afferent UT or afferent LA signals but generally not both (Straka et al. 2002b ). In addition to their role as linear gravitoinertial sensors, a second function of the frog UT and LA in detection of substrate vibrations (i.e., high-frequency vertical acceleration) is suggested by the presence of a narrow band of specialized hair cells along the striola of both otolith organs (Lewis and Li 1975) and by the presence of a small subpopulation of afferent fibers with high-frequency tuning properties that innervate these hair cells in the LA (Cortopassi and Lewis 1996) . Central projections and second-order neurons of these higher frequency substrate vibration pathways remain to be investigated.
In mammalian and avian species for which comparable data are available, the pattern of UT afferent terminations, evoked field potentials and identified 2°UT neurons are strikingly similar to the frog. UT afferent fibers terminate mainly in the DVN and to a lesser degree in the ventral part of the LVN in pigeon (Dickman and Fang 1996; Schwarz and Schwarz 1986) , cat (Gacek 1969; Imagawa et al. 1995; Siegborn et al. 1991) , and monkey (Naito et al. 1995; Newlands et al. 2002; Stein and Carpenter 1967) . Descriptions of UT afferent terminations in the SVN vary from considerable (Dickman and Fang 1996; Imagawa et al. 1995; Naito et al. 1995) to negligible even within the same species (Gacek 1969; Stein and Carpenter 1967) . In the cat, most 2°UT neurons were located in the ventral and central part of the LVN (45%) and in the DVN (33%), whereas fewer neurons were encountered in the SVN (9%) and MVN (13%) Sato et al. 2000; Zakir et al. 2000; Zhang et al. 2001) . The location of the majority of 2°UT neurons in cat is thus similar to that in frog and matches the major termination areas of UT afferents in both species. UT pathways thus present extensive similarities between frogs, mammals and birds with the exception of the limited number of high-frequency sensitive hair cells on the UT macula in the frog (Lewis and Li 1975 ) that might form part of a general substrate-to-bone sound conduction system primitively present in amphibians and amniotes (Clack 1997; Hetherington et al. 1986) .
Although a LA macula is present in monotremes (Ladhams and Pickles 1996) , it is absent in therian mammals (de Burlet 1929) , therefore a comparison of LA pathways between mammalian and frog vestibular models is not possible. The avian lagena is reported as the source of nonauditory signals in the statoacoustic nerve with central projections in the lateral portions of almost all vestibular subnuclei (Manley et al. 1991) . LA projections to the cochlear nuclei have been reported in some studies (Boord and Karten 1974; Dickman and Fang 1996) but denied in others (Kaiser and Manley 1996) with the possibility that tracer spread to the adjacent basilar papilla might be the source of the cochlear nuclei projections. As with the utricle, no higher frequency LA pathways have been reported in birds.
SA nerve afferent fibers terminate mainly in the DN and SA nuclei in frogs (Birinyi et al. 2001; Matesz 1988; Suarez et al. 1985; Will et al. 1985) . These nuclei mediate signals to the superior olive and to the classical midbrain auditory nuclei (Kulik et al. 1994; Wilczynski 1981) . This predominance of SA afferent termination in auditory nuclei is compatible with the exquisite substrate vibration sensitivity of SA nerve fibers (Christensen-Dalsgaard and Jørgensen 1988) . Likewise, a large percentage of neurons recorded in this area in vivo exhibited tuning characteristics similar to SA afferents (ChristensenDalsgaard and Walkowiak 1999) . The presence of maximal SA nerve-evoked activity in the ventral part of the DN and the location of many 2°SA neurons in an area dorsal to the vestibular nuclei (Figs. 3C and 4C) agree with a predominant role of the saccule as an acoustic organ sensing substrate vibration in frog (Lewis and Narins 1999; Lewis et al. 1982) . SA activity does not extend into the dorsal part of the DN where afferent fibers from the basilar and amphibian papillae terminate (Straka, unpublished results) . A secondary vestibular function for the frog saccule (Gallé and Clemens 1973; Lannou and Cazin 1976 ) is supported by the termination of afferent SA fibers (Birinyi et al. 2001) , the extension of maximal saccular nerveevoked activity (Figs. 3C and 4C ) and the presence of a small population of 2°SA neurons (Fig. 7A ) all in a small area within the LVN.
SA afferent fibers terminate densely in the LVN, in the rostral portion of the DVN, and to a lesser degree in the central portion of the SVN in cat (Gacek 1969; Stein and Carpenter 1967) , monkey (Naito et al. 1995) , and pigeon (Dickman and Fang 1996) . In the cat, 2°SA neurons were mainly located in the LVN (35%) and DVN (42%) and to a lesser extent in the SVN (5%) and MVN (18%) (Imagawa et al. 1998; Sato et al. 2000; Zhang et al. 2001) . In addition, a few SA afferent fibers were reported to be sensitive to high-frequency auditory stimuli and to terminate in the cochlear nucleus in cat (McCue and Guinan 1994) and gerbil (Kevetter and Perachio 1989) . The spatial distribution of 2°SA neurons in cat thus differs considerably from frog, where most are located in the auditory nuclei and only a minor population in the rostral part of the LVN (Fig. 7A) . This difference parallels the termination pattern of SA afferents in mammals versus frog and corresponds to a mainly vestibular role of the saccule in mammals and a mainly auditory role in frogs. Because the saccule is considered homologous between amphibians and mammals, this is an example of divergent change in both primary functional role and central terminations. Such functional changes, or changes in weighting among multiple functional roles, have occurred for other otolith organs as well (Fritzsch 1992) . It is notable that the termination pattern of SA afferents and the locations of 2°SA neurons in cat are quite similar to those of the frog lagena, especially in the LVN and DVN. Likewise, strong convergence of PC and AC signals on 2°SA neurons and a predominance of spinal projections have been reported for cat Zhang et al. 2002) , strongly paralleling the frog LA pathways. This apparent evolutionary analogy is not too surprising because the mammalian saccule and the frog lagena are both primarily involved in sensing of vertical linear acceleration (Harada et al. 2001; Wilson and Melvill Jones 1979) .
Spatial organization and convergence of otolith and semicircular canal signals
Comparing the spatial distribution of otolith signals with those from semicircular canals (Figs. 6, shows that UT and LA but not SA inputs overlap a great deal with canal inputs. When colocalization of second-order canal and otolith neurons are compared (Fig. 7) , the segregation of second-order vestibular and auditory centers are evident. Second-order UT neurons located mainly in the ventral LVN and DVN, were mixed predominantly with 2°HC neurons. On the other hand, 2°LA neurons, located mainly in the SVN and in the dorsal LVN, cluster mainly with 2°AC and 2°PC neurons. Individual neurons with monosynaptic inputs from both canal and otolith organs lie within the clusters of single-input 2°VN and show the same specific canal and otolith convergence patterns (Fig.  7C) (Straka et al. 2002b) . The absence of overlap of canal and SA nerve inputs reflects the mainly auditory function of the saccule and is matched by the minimal degree of convergence of monosynaptic canal and SA signals in 2°VN (Fig. 7 ) (see also Straka et al. 2002b) . Convergence between a putative minor SA tilt component and individual canal inputs might be represented by the few 2°SAϩvertical canal neurons (Fig. 6C ), but this has not been directly tested.
The specific convergence patterns of canal and otolith signals on 2°VN show another detailed similarity between frog and mammals. The proportions of canal-only, otolith-only (ϳ25% each) and canalϩotolith neurons (ϳ50%) recorded in primate VN during alert three-dimensional angular and linear head acceleration (Dickman and Angelaki 2002) were similar to those of frog 2°VN recorded after separate electrical stimulation of nerves to the three canals, the utricle and the lagena (Straka et al. 2002b) .
Segmental organization of second-order vestibular neurons in frogs and other vertebrates
Specific vestibular subnuclei develop from similar combinations of rhombomeres in frog (Straka et al. , 2002a , chicken (Cambronero and Puelles 2000) and mouse (Auclair et al. 1999) . Likewise, vestibular relay neurons mediating specific canal and otolith reflexes develop from similar rhombomeres in frog (Straka et al. , 2002a , fish (Baker 1998; Suwa et al. 1999 ) and chicken (Díaz and Glover 2002; Glover 2000 Glover , 2001 . Among these species, frogs are unique in retaining the segmental arrangement of these particular types of vestibular relay neurons and also of cranial nerve motoneurons throughout ontogeny (Straka et al. 2000b ). This allowed construction of a stereotactic segmental map of the adult frog hindbrain based on the persistent embryonic and larval segmental framework (Straka et al. 2002a ) (see also Fig. 7, A-C) .
Second-order canal neurons are spread throughout the region from r2 to r6 (Fig. 7B ) with greater numbers of all three canal types found in r3 and r5 and lesser in r4 and r6. Also, 2°PC neurons are generally more dorsal than 2°HC neurons in r5-6. Cells with monosynaptic input from single otolith organs form a more distinctly segregated pattern (Fig. 7A ) with 2°UT and 2°LA neurons heavily represented in r3 and r5, whereas 2°SA neurons are concentrated dorsally in r4 -6. Mapping of 2°otolithϩcanal neurons (Fig. 7C) in effect shows the intersection of the separate otolith and canal patterns because cells with convergent monosynaptic inputs appear generally to be mingled with their respective single-input neighbors. Combined with retrograde labeling from oculomotor and spinal targets in larval frogs , the second-order convergence pattern seems readily interpretable in terms of distinct otolith pathways with unique canal convergences and efferent targets.
Second-order UT neurons are especially numerous in the r5 region, extending both rostrocaudally and mediolaterally through all of r5 and the rostral part of r6, whereas a second smaller concentration of 2°UT neurons is seen in r3 (Fig. 7, A  and C) . In the large r5-6 domain, three major groups stand out based on their specific canal convergences and locations within vestibular subnuclei and rhombomeric segments. First, a large cluster of 2°UTϩcanal neurons lying laterally and ventrally in r5 forms a possible tangential nucleus (Tan). Next, a smaller 2°UTϩHC cluster located more medially in r5 likely projects to the adjacent abducens complex. Finally, a broader, more diffuse group extends dorsally and medially from the Tan group through caudal r5 and much of r6. The latter neurons comprise mixed 2°UTϩcanal neurons and match topographically with known ipsi-and contralateral oculomotor and spinal projections from the DVN .
The putative tangential group is a dense clustering of 2°UT, 2°canal, and 2°UTϩcanal neurons of all three axes located in ventral parts of the caudal LVN and central DVN in r5 (Fig. 7) . This group coincides with a proposed larval frog Tan ) and with the teleost r5 Tan that serves as a combined linear and angular gravitoinertial center projecting to oculomotor and spinal targets (Suwa et al. 1999 ).
The more medial r5 population of 2°HC and 2°UT neurons in the DVN are likely vestibular neurons projecting to the ipsiand contralateral abducens nuclei mediating the angular horizontal vestibuloocular reflex (Rohregger and Dieringer 2002; Straka et al. 1998 Straka et al. , 2001 ). An additional origin of such a projection from the MVN at this segmental level is unlikely because HC nerve-evoked pre-and postsynaptic field potentials were absent from the MVN (Straka et al. 2000a) . These neurons in the frog DVN would thus be homologous to the classical 2°HC neurons located in the mammalian MVN (Bütt-ner-Ennever 1992). Such a comparison probably reflects differences in defining nuclear boundaries in frogs and mammals more than it does any genuine evolutionary modification.
The smaller number of mixed 2°UT and 2°canal neurons in caudal r5-6 might represent the origin of a separate vestibulospinal projection that relays canal and otolith signals from the DVN as suggested from larval dye mapping . Similarly, the r5 hindbrain segment in chicken (Cambronero and Puelles 2000) and most likely mouse (Auclair et al. 1999) , gives rise to the DVN which along with the LVN is a major source of vestibulospinal projections mediating UT reflexes in mammals (see Büttner-Ennever 1999; Zakir et al. 2000; Zhang et al. 2001) .
Two groups receiving UT signals are located in the r2-3 region. A group of mixed 2°UT and 2°HC neurons is located in r3 (Fig. 7C) and may represent the origin of an ascending tract of Deiters' (ATD) projecting to ipsilateral medial rectus motoneurons as suggested from larval dye labelings . The mammalian ATD arises from cells in the LVN (Highstein and Reisine 1981) , an appropriate match for the r3 location in frogs. A second group of 2°UT neurons intermingled with 2°AC and 2°PC neurons (Fig. 7 , B and C) coincides with the expected location of vestibular neurons that relay vertical canal and otolith signals to the oculomotor and trochlear nuclei. The small number of neurons in r2 is an underestimation because recordings at these hindbrain positions were restricted by the cerebellar peduncle. Second-order AC excitatory and inhibitory vestibuloocular neurons were suggested to develop mainly from r2-3 in fish (Baker 1998; Suwa et al. 1999) , frog , and chicken (Díaz and Glover 2002; Glover 2000) , a location that coincides with the origin of the SVN in frog ) and chicken (Cambronero and Puelles 2000) . A predominant location of 2°AC vestibuloocular neurons in the SVN was also reported for pigeon (Wilson and Felpel 1972) , rabbit (Highstein 1973; Highstein et al. 1971) , cat (Hirai and Uchino 1984; Uchino et al. 1981) , and monkey (Abend 1977; see Büttner-Ennever 1992) . Overall therefore most of the vestibular neurons receiving UT input in frogs fall into groups with detailed segmental and projection similarities to UT pathways in fish and amniotes.
Most 2°LA neurons lie interspersed with 2°AC and 2°PC neurons in r2-3 and r5-6 (Fig. 7, A-C) . This is not surprising because many 2°VN that received LA nerve input also received AC or PC nerve input and thus represent the same subpopulations (Straka et al. 2002b ). The rostral group of 2°LA neurons in r2-3, however, in contrast to adjacent 2°AC and 2°PC neurons should not project to oculomotor and trochlear targets because lagenar signals do not contribute to linear vestibuloocular reflexes in frogs (Hess and Precht 1984; Rohregger and Dieringer 2002) . The caudal group of 2°LA neurons in r5-6 should be part of the spinal pathway mediating LA signals that contribute to postural reflexes in frogs (MacNaughton and McNally 1946) . The majority of 2°SA neurons were located in the auditory nuclei in r4 -6 except for a few neurons in the r4 portion of the LVN. This part of the LVN generally contains very few 2°VN (Fig. 7A-C) (Straka et al. 2000a) and is likely to be homologous to the mammalian dorsal LVN, which likewise receives little or no direct vestibular nerve input (Büttner-Ennever 1992) . Some of the convergent 2°LAϩvertical canal neurons in frog, in particular the r5-6 group, correspond closely to the 2°SAϩvertical canal neurons in the mammalian LVN/DVN that are implicated in vestibulocollic reflexes Zhang et al. 2002) and that may represent some of the vestibulospinal neurons seen in the r5-6 region in mouse embryos (Auclair et al. 1999) .
It thus appears that the segmental positions of most vestibular neurons performing similar computational tasks are the same in frog, fish (Baker 1998; Suwa et al. 1999) , chicken (Díaz and Glover 2002; Glover 2000 Glover , 2001 , and mouse (Auclair et al. 1999 ). This conserved central pattern appears to hold even when the peripheral sources of similar functional signals are different as with the vertical acceleration signals transduced by the frog lagena and mammalian saccule. As more studies linking segmental and connectional aspects of vestibular circuitry in tetrapods become available, a general vertebrate organizational pattern for the vestibular neuronal network, as initially proposed for teleost fish (Baker 1998) , becomes apparent.
Overall, the distinct spatial segregation of premotor functional groups, their phylogenetic conservation and the overlapping rather than discrete topographical arrangement of the afferent input suggests that the hindbrain vestibular circuitry is spatially organized according to the output of the vestibular nuclei more than to the sensory input. In effect, the spatial arrangement of central vestibular neurons, shown especially by the clustering of 2°canalϩotolith neurons with common projection targets, seems to reflect basic directional commands for oculomotor and postural movements. This concept of the vestibular nuclei being organized as a premotor map and not as an organotypical map with a precise sensory topography from individual labyrinthine endorgans contrasts strongly with the organization of the visual and auditory systems. It more closely resembles the modular representation of limb muscle synergies or torque vectors suggested for spinal interneuron networks (Nichols 1994; Saltiel et al. 2001) . The proposed segmental premotor topography relating vestibular endorgans to specific oculomotor and spinal subnuclei can be tested by intracellular recording and labeling of ortho-and antidromically identified vestibular neurons in larval and adult frogs. In addition to supporting or rejecting the segmental assignments for numerous second-order vestibular groups, such experiments will allow detailed evaluation of the proposed tangential and ATD homologs in frogs and should provide further insights into the strong functional parallels between frog LA and mammalian SA pathways.
